Tactile and muscle afferents provide critical sensory information for grasp control, yet the contribution of each sensory system during online control has not been clearly identified. More precisely, it is unknown how these two sensory systems participate in online control of digit forces following perturbations to held objects. To address this issue, we investigated motor responses in the context of fingertip loading, which parallels the impact of perturbations to held objects on finger motion and fingerpad deformation, and characterized surface recordings of intrinsic (first dorsal interosseous, FDI) and extrinsic (flexor digitorum superficialis, FDS) hand muscles based on statistical modeling. We designed a series of experiments probing the effects of peripheral stimulation with or without anesthesia of the finger, and of task instructions. Loading of the fingertip generated a motor response in FDI at ~60 ms following the perturbation onset, which was only driven by muscle stretch... 
NEW & NOTEWORTHY To grasp and manipulate objects, the brain uses touch signals related to skin deformation as well as sensory information about motion of the fingers encoded in muscle spindles. Here we investigated how these two sensory systems contribute to feedback responses to perturbation applied to the fingertip. We found distinct response components, suggesting that each sensory system engages separate sensorimotor circuits with distinct functions and latencies. feedback control; grip force; object manipulation; touch; proprioception; multisensory integration WE CONTINUOUSLY ADJUST the finger forces applied to the objects that we manipulate to maintain a stable grasp. This major function of the nervous system enables fine control and skillful manipulation in most daily tasks. Many pieces of research have documented that tactile afferent feedback is a key player in this process. Indeed, the adjustment of finger forces critically depends on the mechanical interactions at the interface between the fingertips and the held objects. Sensory information about these properties is predominantly conveyed through skin mechanoreceptors, which respond to the deformation of soft tissue arising at the contact between the fingerpad and the object (Johansson and Flanagan 2009; Saal and Bensmaia 2014) . As well, loss or reduction of tactile information, induced experimentally or in disease, typically results in significant loss of manual dexterity (Augurelle et al. 2003; Hermsdörfer et al. 2008; Johansson et al. 1992; Monzée et al. 2003; Nowak et al. 2003; Thonnard et al. 1997) .
Previous work also suggested that tactile afferents evoked rapid motor responses following external disturbances. Indeed, feedback responses to perturbations applied to the finger or to held objects were reported in numerous studies (Birznieks et al. 1998; Garnett and Stephens 1980; Macefield and Johansson 2003; . In addition, information about a target jump extracted from edge orientation at the fingertip can generate a rapid, target-directed correction of an ongoing movement of the opposite arm (Pruszynski et al. 2016 ). Thus it is clear that tactile afferents contribute both to anticipatory adjustments of grasping forces and to online feedback control (Witney et al. 2004) .
Another key player in closed-loop control of grasp is afferent feedback from muscle spindles. Here, the critical information conveyed in this sensory modality includes joint kinematics and torques (Shadmehr and Wise 2005) , as well as more complex signals linked to muscle dynamics, and coupling of different muscle groups (Dimitriou 2014; Dimitriou and Edin 2010) . Mechanical perturbations to the digits evoke a wellknown series of events starting with the spinal stretch response, followed by long-latency responses known to express flexible and task-specific modulation Manning and Bawa 2011; Marsden et al. 1976; Rothwell et al. 1982) . Furthermore, when we manipulate objects, perturbations to the upper limb evoke a coordinated response in arm and hand muscles starting at~60 ms (Crevecoeur et al. 2016b ).
More precisely, it was shown that perturbations applied to the digits triggered responses from some (but not all) sensory endings in muscles, as well as cutaneous afferents from the digits . Thus each sensory system may contribute to the motor response. However, whether and how they causally participate in the generation of the motor response has not been established. Several confounding factors make this task difficult. First, the nonlinear nature of skin elasticity can generate an increase in normal force following tangential loading of the fingertip that is not due to any neural response. We reproduce this effect in the present study and highlight the importance of using muscle recordings to link the motor response with the peripheral stimulation. Second, it was recently shown that even very small amounts of joint motion are sufficient to elicit a stretch response in the upper limb (Crevecoeur et al. 2012) . Thus the contribution of muscle afferent feedback cannot be completely ruled out even when the perturbation direction minimizes muscle stretch (see e.g., Macefield and Johansson 2003) .
Taking these potential confounds into account, the integration of these two sensory modalities during feedback control has, to date, not been thoroughly characterized. To address this issue, we describe motor responses to fingertip loading and address how finger motion and deformation of the skin (with or without anesthesia) relate to the neural response extracted from muscle recordings. Our paradigm focuses on loading of the fingertip, which reproduces perturbation-related stimuli experienced during actual manipulation tasks and allows dissociating finger motion and fingerpad deformation. Our results highlight qualitatively distinct responses in the recorded intrinsic and extrinsic hand muscles, compatible with separate contributions of muscle-and tactile-motor responses to external disturbances.
METHODS
A total of 20 healthy volunteers (7 women) between 22 and 35 yr of age took part in one or several experiments. Participants had normal or corrected vision and were free of any history of neurological or musculoskeletal disorder. Participants provided informed consent and the experimental procedures were approved by the ethics committee at the host institution (Institute of Neuroscience, Université catholique de Louvain, Louvain, Belgium).
This study reports three main experiments, plus one control experiment. The first main experiment investigated the influence of the perturbation direction and amplitude in conditions in which the finger was either blocked or free to move, to characterize how the peripheral stimulation related to the motor response. The second main experiment investigated the same task, following a ring-block anesthesia of the index finger blocking tactile afferent information. This procedure allowed us to identify the contribution of this sensory modality. Finally, experiment 3 was designed to probe the effect of changes in the task instruction on the motor response by varying the temporal requirements; forcing participants to vary the response gain while keeping similar perturbation-related sensory information across conditions. The control experiment was performed to measure how the different conditions of experiment 1 influenced the relationship between finger motion and surface deformation of the skin. The results of this control experiment along with a measurement of the mechanical interaction at the finger-object interface are reported in the APPENDIX.
Experiment 1: motor responses to different loading magnitudes and directions. This experiment investigated motor response to fingertip loading across a range of perturbations of varying direction and amplitude to address how peripheral stimulation impacts feedback control. Participants (n ϭ 12) were instructed to apply a normal force of 5 N on a horizontal platform with their right index finger (Fig. 1A) . The target force of 5 N, the measured force, and the upper and lower limits corresponding to Ϯ10% of the target force were continuously displayed on a computer screen (Fig. 1C) . The value of 5 N was used in agreement with spontaneous force generation observed in object manipulation tasks (Flanagan and Wing 1993) . After stabilization of the normal force within 5 Ϯ 0.5 N, a perturbation was generated at one of five different times selected randomly with uniform probability (from 3 to 5 s with steps of 0.5 s). The perturbation consisted in applying a tangential force to the interface between the finger and the platform of Ϯ2, Ϯ4, or Ϯ6 N along the y-axis (Fig. 1C) . The real-time computer controlled the platform position dependent on measured tangential force, and thus this force did not vary abruptly from zero to the commanded value (Fig. 1, C and D) due to mechanical interaction at the interface between the platform and the fingertip. As a result, the initial velocity of the platform built up smoothly and the average rise time of measured tangential load was 500 ms.
Participants were instructed to push on the platform to avoid slippage as soon as they felt the perturbation. The task was performed in two distinct conditions: in the first condition, the index finger was constrained in a half-cylinder-shaped, custom-made piece of aluminum that blocked lateral motion of the finger induced by the platform (Fig. 1B) . Residual motion still occurred as a result of the small interstice between the finger and the blocker, and because of skin compliance. In the second condition, the blocker was removed and the Only the index finger was in contact with the horizontal platform. This representation corresponds to the condition in which lateral motion of the finger was not restrained. The electrode placements of the extrinsic (FDS) and intrinsic (FDI) hand muscles are shown. B: schematic representation of the unrestrained and restrained conditions. In the restrained condition, the finger movement was blocked by a piece of aluminum. C: illustration of the experimental procedures for the first and second experiments. Left: instructed normal force of 5 Ϯ 0.5 N to be applied for a random time period of 3-5 s before the perturbation (Pert.) onset. Right: displays are the 6 different commanded perturbations (Ϯ2, Ϯ4, and Ϯ6 N). D: illustration of the experimental procedures for the third experiment. Left: normal force with the additional target force of 12 N. Right: perturbation loads with time limits of the fast (200 ms) and slow (500 ms) conditions. Exp., experiment.
lateral motion of the finger was not restrained. Participants performed three blocks of 30 trials per condition (constrained or unconstrained). Each block of 30 trials was composed of five repeats per direction (positive or negative) and amplitude (2, 4, or 6 N in absolute value). The perturbation direction and magnitude were randomized across trials. The order in which the conditions were performed was counterbalanced across participants. Experiment 2: motor response following digital anesthesia. The multiple response components extracted from experiment 1 were further tested by performing a ring-block anesthesia of the index finger at the base of the finger, distal to the metacarpal-phalangeal joint of the finger (~2 ml per injection site, Chlorydrate Lidocaïne, 20 mg/ml). Participants (N ϭ 12) first generated a normal force of 5 N as in experiment 1. Then, the platform applied tangential perturbations loads of amplitude and direction randomly interleaved across trials to avoid anticipation (Ϯ2 and Ϯ6 N). Each perturbation was presented eight times per block, and participants performed two blocks in each condition (16 trials in total per magnitude, direction, and condition). Each condition (restrained or unrestrained) was performed in normal or anesthetized condition in a two-by-two factorial design.
The experiment started in the normal condition, and the order of the movement condition (restrained vs. unrestrained) was counterbalanced across participants. After the four first blocks (two blocks per condition), the anesthesia was performed followed by a second series of four blocks corresponding to restrained or unrestrained conditions. Prior to the second series, we assessed the effect of the anesthesia by asking participants to report whether they felt a contact applied by a rigid rod to the fingertip (Semmes Weinstein monofilament test, filament size 6.65). The response was completely absent for the anesthetized digit for all but two participants, for whom the loss of sensation was not total. However, we noticed that contact was detected with sustained stimulation (Ͼ1 s). We also observed that the behavior of these participants was not distinct from that of the group average; they were thus included in the data set.
Experiment 3: task-related modulation of feedback responses. This third experiment was designed to investigate the effect of task instructions on the transformation of sensory input into motor command. We added a target normal force of 12 N projected on the computer screen and instructed participants to exceed this target force as soon as they felt the perturbation (Fig. 1D) . The timing of the perturbation was drawn from the same distribution as in experiment 1. The perturbation was restricted to Ϯ5 N applied tangentially to the fingertip (Fig. 1D) . Paralleling previous work on motor responses in the upper limb (Crevecoeur et al. 2013) , the influence of the instructions was assessed by varying the urgency to respond to the perturbation. In a first block of trials (slow), participants (n ϭ 10) were given 500 ms to attain the target force of 12 N. In the second block of trials (fast), participants were given 200 ms to attain the target force. The end of the trial was notified by rapidly moving the platform downward (10 cm in 1 s). This paradigm allowed extracting the moment when task-related changes influenced the motor response. Participants performed one block of 40 trials per condition of time limit. Each block was composed of 20 trials per perturbation direction. The perturbation direction was randomized across trials.
Control experiment: surface skin deformation in restrained vs. unrestrained conditions. In experiment 1, we contrasted the motor responses across the conditions in which the motion of the index finger was restrained or not to address the influence of finger motion on the motor response. In principle, the deformation of the skin (or the strain) at the finger-object interface should increase in the restrained condition because the finger cannot follow the motion of the platform as in the unrestrained condition. Thus, for a given displacement of the platform, smaller amounts of finger motion had to be associated with larger surface deformations in the restrained condition, and the opposite relationship was expected in the unrestrained condition. This control experiment was performed to observe this relationship empirically.
We instructed participants (n ϭ 5) to apply a vertical force of 5 N as in experiments 1 and 2 and generated a commanded perturbation of 6 N along the y-axis (Fig. 1) . As we were interested in characterizing the strain and initial differences across conditions, the perturbations were applied for 200 ms and there was no instruction related to the motor response. We applied 10 perturbations per condition (restrained or unrestrained) and collected digital images of the interface between the finger and the platform. For this experiment, it was critical to place the fingertip carefully on the center of the platform and to clean it between trials to remove fingerprints. These procedures increased the time per trial substantially in comparison with the main experiments. Thus it was not possible to combine EMG recordings, requiring sufficient number of repeats per condition, with the acquisition of digital images while keeping the session duration within~3 h. For this reason, we chose to perform this control experiment separately.
Apparatus and data collection. Force and motion signals were collected at 1 kHz. The robotic system was composed of an industrial robot equipped with force transducers mounted on each side of the horizontal platform (ATI force sensors, ATI Industrial Automation, Apex, NC). The position of the platform and the normal and tangential forces were low-pass filtered with a dual-pass Butterworth filter of order 4 with cutoff frequency of 50 Hz.
It is important to clarify that position signals corresponded to the position of the platform and not of the finger. In a pilot study, we measured the position of both the fingernail and the platform with infrared markers placed on the tip of the finger and on the robot frame, respectively. We observed that the fingernail and the robot started moving at the same time; however, the amount of displacement was greater for the platform than for the finger, which is attributable to skin compliance (data not shown). Thus skin deformation impacted the amount of finger motion, but not its onset.
The horizontal component of the platform made of glass was covered with standard medical tape (estimated static friction of 0.6) for all experiments except for the control experiment, in which digital images were collected through the transparent glass plate of the robot (estimated static friction of 1 (Delhaye et al. 2016) ]. For the acquisition of digital images of the fingertip, the tape was removed and participants applied the normal force directly on the glass. The images of the fingertip were collected at 200 Hz with a high-resolution camera (Mikrotron Eosens MC1362, 1,280 ϫ 1,024 pixels, 52 pixels per millimeter). The full system was described in detail previously (Delhaye et al. 2014) .
Surface electromyographic recordings were used to collect the activity of two muscles known to correlate well with the generation of grip force (Maier and Hepp-Reymond 1995) : first dorsal interosseous (FDI) and flexor digitorum superficialis (FDS). These muscles are also recruited when pushing vertically on a horizontal surface as we show below (Fig. 1B) . We considered one intrinsic (FDI) and one extrinsic (FDS) hand muscle as we expected that they would be differentially impacted by the perturbation, due to anatomical differences, allowing us to probe the underlying sensorimotor circuits. In particular, FDI is either stretched or shortened dependent on the perturbation direction, whereas FDS should be equally but minimally stretched in all cases. Thus we expected that differences between these two muscles would provide information about the contribution of muscle stretch.
The electrodes were placed on the muscle belly following palpation while participants were generating a vertical force against a horizontal table. Muscle recordings were collected at 1 kHz with surface electrodes (Bagnoli, Delsys, Natick, MA), band-pass filtered with dualpass Butterworth filter of order 4 (cutoff frequencies: 10 -500 Hz), rectified, and normalized to the ensemble average of the preperturbation activity across trials for each participant and muscle independently. In the restrained condition, the platform was positioned in light contact with the index finger, which generated a vertical contact force of~0.5 N on average. Thus there was~10% of the instructed force of 5 N that was generated passively.
Measurements of surface strain across the contact area were obtained from digital images following procedures fully described in previous work (Delhaye et al. 2016) , and summarized here. The contact surface was decomposed into small triangles, and the displacement field was extracted from the digital images based on optical flow. Local strains were measured in each triangle from the gradient of the displacement of the vertices using Green-Lagrange definition of strains. These computations were summarized locally in a matrix that takes the form ϭ ͫ xx xy xy yy
where xx and yy represent the local dilation or compression along the axes of the reference frame and xy is the local shear strain. We then derived a scalar index of the local strain defined as
Finally, the total deformation was quantified by the spatial integral of LOC , normalized to the total contact area. The local strain (Eq. 2) expresses a relative change with respect to the reference configuration, and thus these quantities as well as the total deformation are dimensionless numbers. The analysis of mechanical interactions at the finger-platform interface is reported in the APPENDIX.
Analysis and statistical modeling. All trials were aligned on perturbation onset. From the data of the first experiment, we extracted the static normal force defined as the average force normal to the platform between 1 and 1.5 s following the perturbation onset, measured after stabilization. The baseline EMG activity for each trial was defined as the average activity from Ϫ50 to 0 ms. Muscle recordings were then averaged in epochs of 30 ms starting at 30 ms relative to the perturbation onset. The justification for the first epoch (30 -60 ms) is that it corresponds to the stretch response mediated by spinal feedback typically starting at~30 ms for hand muscles (Manning and Bawa 2011; Matthews 1984) . The following two epochs (60 -90 and 90 -120 ms) broadly corresponded to long-latency feedback response and the last two epochs (120 -150 and 150 -180 ms) corresponded to early voluntary responses. These epochs differ from previously defined long-latency time windows used for upper limb perturbations Shemmell et al. 2009 ). We chose these definitions to account for the slightly longer conduction delays associated with the more distal hand muscles (Devanne et al. 2006 ) and used a constant bin width of 30 ms for statistical consistency. The main effect of the perturbation magnitude on the average force response across participants was addressed with a one-way ANOVA on participants' individual means. Direct comparison of the muscle response averaged across trials was performed based on paired t-tests on participants' individual means.
To characterize motor responses in detail, we fitted several mixed linear models of the following general form:
where y contains the average muscle response in the bin under consideration from individual trials and participants; X i is the matrix of independent variables capturing the fixed effects for the model i; ␤ i is the corresponding vector of parameters to be estimated; Zd i is the vector of random effects capturing the variability across individuals for model i; and e i is the residual error for model i. Observe that the matrix Z includes the participants as a random factor, and thus it is the same for all models. In contrast the fitted vector of random effects d i , capturing idiosyncratic differences, as well as the vector of residual error e i will depend on the design matrix X i . We considered the following design matrices. All models included an offset. In addition, the other predictors were the baseline EMG activity (B), the measured displacement of the platform (D), the linear combination of these two factors, and the linear combination of these two factors plus an interaction term. These independent variables were extracted from each individual trial. Defining 1 iϫj as a matrix of ones with i rows and j columns, and m the total number of trials, the matrices X i of the different models can be written as follows:
Observe that the product for the interaction term in model 4 (Eq. 7) was component-wise. The displacement vector was extracted at a fixed time before the bin onset set to 30 ms to account for sensorimotor delays. Although there was variability across trials, there was little variability within trials and thus the information content of the vector D was broadly similar across a range of sample times following the perturbation onset. Thus varying the time interval between the measurement of displacement and the bin onset had qualitatively no influence on the results. The four models were compared based on Bayesian information criterion (BIC), which captures the tradeoff between the accuracy of the model and the cost associated with the number of model parameters (Murphy 2012) .
After selecting the best statistical model, we were interested to determine the partial correlation between each independent variable and the response vector y. We followed Edwards and colleagues (Edwards et al. 2008) to define the partial correlation in the linear mixed model. Briefly, the F statistics was estimated from the vector of fitted parameters ␤, with the null hypothesis corresponding to C␤ ϭ 0 where C defines the components of ␤ for which the partial correlation was estimated. For instance, for the predictor matrix X 3 , ␤ was of size 3 with the offset [␤(1)], the slope corresponding to the baseline activity [␤(2)], and the slope associated with the displacement of the platform [␤(3)]. Taking C ϭ [0 0 1] defines a null model in which ␤(3) ϭ 0, and the corresponding R 2 is the partial correlation of the displacement for this model. This R 2 also represents the proportion of variance accounted for by the partial model (VAF).
In addition to this procedure, we also fitted the four models on the data from each participant individually by using standard least squares regressions (i.e., without the term including participants as a random factor). The BICs were computed for each regression, as well as the total and partial correlations following standard procedures.
In experiment 2, we performed rmANOVA on participants individual means to assess the presence of a motor response by including an intercept in the model relative to the baseline activity, the main effects of the condition (retrained vs. unrestrained) and of the anesthesia, as well as interactions between these two factors. The fitted model included an intercept to address the presence of a response relative to the baseline muscle activity, in addition to the main effect of each factor and interaction between them. The ANOVAs were performed on each bin separately as the variance in the muscle response across bins was not homogeneous (Levene tests, all P Ͻ 0.001).
In experiment 3, we extracted the normal force at 200 ms following the perturbation onset. The force derivative was estimated from the slope of a linear approximation of the force computed on 30 samples (from 171 to 200 ms). Comparisons of the force and of the linear approximation of the force rate across conditions were performed based on paired t-tests. Direct comparisons of participants' average responses in each bin with the baseline activity were based on paired t-tests. The analyses of EMG responses were performed based on rmANOVA, including an intercept, the main effects of the perturbation direction and of the task instruction, and the interaction between these two factors. As in experiment 2, this analysis was performed for each bin separately, as the variance of muscle responses across bins was not homogeneous (P Ͻ 0.001). Direct comparisons were also performed based on paired t-tests on the average muscle activity in each bin across conditions. Finally, the onset of the motor response in experiments 1 and 2, and the onset of task-related modulation in experiment 3, was estimated based on receiver operating characteristics (ROC), which measured the overlap between the distributions of participants' mean response as a function of time (Metz 1978; Pruszynski et al. 2008) . Time series of ROCs were computed from the overlap between the responses to Ϫ6 and ϩ6 N in the unrestrained condition. Recall that the ROC is between 0 and 1, and we adopted the convention that an increase in muscle activity corresponded to a value of ROC Ͼ 0.5. The response onset was derived by fitting a piecewise linear model composed of a horizontal and a rising segments until the moment when the time series crosses a threshold set to 0.75. The fitting of the piecewise linear approximation was based on standard least square procedures. The location of the angular point of the optimal fit corresponded to the response onset. This piecewise linear model follows previous work showing its validity on actual and synthetic data (Weiler et al. 2015) . Observe that this method provides an estimate of the response onset based on average traces without assuming any predefined time epoch.
RESULTS
This section is organized as follows. We first characterize participants' behavior in experiment 1 and quantify the impact of the perturbation-related stimuli based on statistical modeling. Then, we present the results of experiment 2, in which participants were instructed to counter the perturbations as in experiment 1 following ring-block anesthesia of the index finger. The section ends with experiment 3 showing the impact of task demands on participants' behavior and muscle responses.
Experiment 1: motor responses to different loading magnitudes and directions. The perturbation evoked a clear increase in the normal force that scaled with the perturbation magnitude in both restrained and unrestrained conditions (Fig. 2, A and B) . This figure concentrates on the positive tangential perturbation for clarity. Negative tangential perturbations evoked similar responses. On average, the static normal force averaged from 1 to 1.5 s after load onset exhibited a linear increase with the magnitude of the perturbation load (Fig. 2C) . The main effect of the load magnitude on the participants' individual mean static force for each perturbation magnitude and direction was significant in both restrained and unrestrained conditions (Fig.  2C , one-way ANOVA, restrained: F 5,66 ϭ 6.82, P Ͻ 10 Ϫ4 ; unrestrained: F 5,66 ϭ 2.52, P Ͻ 0.05).
Muscle responses of the two muscle samples are shown in Fig. 3 for three selected perturbation loads. These amplitudes were chosen to best illustrate the dependency of the muscle response on the perturbation direction, as well as the scaling of the response with the perturbation magnitude. The binned analysis of muscle activity is also reported on this figure after pooling together bins 2 and 3 (60 -120 ms) and bins 4 and 5 (120 -180 ms) to enhance the major features of the motor response.
The first main observation was the onset of the stretch response in the FDI occurring at 65 ms, as determined by the ROC analysis (Fig. 3A, black arrow) . This result was obtained by computing the moment when the response to ϩ6 and Ϫ6 N perturbation loads from the unrestrained condition diverged from each other, which corresponded to the earliest moment when motion-related changes in the muscle activity were detected. Although the response amplitude of FDI in the restrained condition was reduced, the same analysis indicated that the response onset also occurred at about the same time (63 ms). In contrast, we observed that the response collected in the extrinsic hand muscle (FDS, Fig. 3A, bottom) was not dependent on the perturbation direction. Indeed the responses corresponding to positive (red) and negative (black) perturbations were similar. It was also noticeable in Fig. 3A that the gain of the response in FDI was reduced in the restrained condition.
In general, the response in FDI started earlier and scaled with the perturbation direction and magnitude. In contrast, the response in FDS collapsed in bins 2 and 3 was not significant, suggesting longer response latency, and did not display any clear dependency on the perturbation direction (see Fig. 3 , B and C for a summary of the main effects). Observe that the visible effect of the light contact between the finger and the platform on the baseline activity of FDI confirms that this muscle was recruited for generating the vertical force applied to the platform and that it was sensitive to small changes in this force along the vertical axis resulting from passive contact in the restrained condition (Fig. 3A) .
Muscle responses were characterized in more detail by testing the different statistical models corresponding to the predictors described in Eqs. 4-7, and comparing their performances based on BIC (see METHODS). Fixed factors in the models were the displacement extracted at 30 ms before the bin onset ( Fig. 4A) and/or the baseline activity (averaged from Ϫ50 to 0 ms). For FDI in the unrestrained condition, the best model for bins 1 and 2 corresponded to X 1 (offset and baseline EMG), whereas X 3 (offset, baseline EMG and displacement) was selected for bins 3 to 5. In the restrained condition, the best model corresponded to X 1 for all bins. The model selected was the same when BIC was computed on raw data in the mixed linear model including the participant as a random factor, or when the BICs were averaged across the regressions performed for each participant individually. For FDI, Fig. 4 reports the model corresponding to X 3 in all cases to illustrate how the restrained condition impacted the partial correlation of the displacement to the total VAF. All but three individual regressions across participants and bins were significant (60 regressions in total, 12 participants ϫ 5 bins, F Ͼ 3.13, P Ͻ 0.05). Similarly, all linear mixed models computed on raw data were highly significant (P Ͻ 10 Ϫ6 ). It is important to highlight that the displacement of the platform in the restrained condition was associated with greater amounts of strain at the fingertip (see APPENDIX and Fig. A2 ) and smaller displacement of the platform and finger.
The same analysis performed on the recordings of FDS revealed that the best model corresponded to X 1 in all cases (across conditions and bins). In other words, the improvement of the fit obtained by considering the platform displacement was outweighed by the cost of adding one parameter to the statistical model. Besides the BIC, the estimated partial correlation of the displacement was on average Ͻ4% of the variance accounted for across models (mixed or individuals) and conditions (not shown). Hence the only factor selected according to BIC and reported in Fig. 4B is the baseline. In this case, all but six individual regressions were significant (P Ͻ 0.05). The mixed linear regressions including participants as a random factor were also highly significant across all bins (P Ͻ 10 Ϫ10 ). Observe the qualitative difference between the intrinsic and extrinsic muscles that confirmed the dependency of FDI on the platform motion (corresponding to finger motion in the unrestrained condition), whereas FDS did not exhibit any strong dependency on the platform displacement in either condition.
This far, we have uncovered that the perturbation-related motion generated a response in FDI that scaled with the perturbation direction and amplitude, whereas the response in FDS was comparatively independent of motion. Although some modulation was observed based on individuals' average response in this muscle (Fig. 3C) , the statistical modeling indicated that this variable did not account for much of the response variance (Fig. 4B) .
Experiment 2: motor response following digital anesthesia. This experiment was performed to further investigate the impact of blocking tactile afferents on the feedback response, allowing us to identify the multisensory basis of the motor responses (Fig. 5) . We first noticed the presence of a main effect of the anesthesia (rmANOVA: F 1,11 ϭ 10.9, P Ͻ 0.01) but not of the condition ((restrained vs. unrestrained, F 1,11 ) 0.58, P ϭ 0.4) on the static normal force extracted at the end of the trial. Post hoc analysis based on paired comparison revealed that the static force at the end of the trial was lesser in the anesthetized condition (average collapsed across conditions: t 11 ϭ Ϫ3.3, P ϭ 0.007).
There were differences in the baseline activity due to the contact force generated in the restrained condition similar to experiment 1. The repeated-measures ANOVA (rmANOVA) indicated that there was no main effect of any of the factors (anesthesia and condition), although a significant difference was found based on one-tail paired t-test for FDI (see dashed line in Fig. 5A , t 9 ϭ , P Ͻ 0.05). Due to this moderate difference, the subsequent analyses of variance were performed on the difference between the average EMG activity in each bin and the baseline activity.
We first describe the results for FDI. The onset of the motor response was found at~56 ms by contrasting the responses to ϩ6 and Ϫ6 N perturbation loads as in experiment 1 (Fig. 5B , black arrow). The rmANOVA indicated a significant effect of the condition in the second bin (restrained vs. unrestrained, F 1,11 ϭ 11.7, P ϭ 0.005), which is difficult to interpret as there was no significant intercept, and thus no significant response in this bin. A significant response was observed in the second bin (intercept: F 1,11 ϭ 32.4, P Ͻ 0.001), which was associated with a main effect of the condition (big star in Fig. 5B, F 1 27, P Ͻ 0.001), but no effect of the anesthesia, nor interaction between the anesthesia and the condition (F 1,11 Ͻ 0.16). This result indicates that the initial response was independent of cutaneous information (Fig. 5B) . A significant response (intercept: F 1,11 ϭ 82, P Ͻ 10 Ϫ4 ), as well as main effects of both condition (F 1,11 ϭ 19, P ϭ 0.001) and anesthesia (Fig. 5B , dagger, F 1,11 ϭ 6.3, P ϭ 0.028) characterized the response in bin 3 (Fig. 5B, dagger) . The response in bins 4 and 5 was clearly significant (intercept: F 1,11 Ͼ 5.7, P Ͻ 0.05), and there was a main effect of the condition (F 1,11 Ͼ 7, P Ͻ 0.02) but no effect of the anesthesia and no interaction between these two factors (F 1,11 Ͻ 3.8, P Ͼ 0.07). These effects are illustrated in Fig. 5B . Now turning to the response in FDS, we observed as in experiment 1 that the baseline activity was not impacted by the passive contact between the finger and the platform in the restrained condition (Fig. 5A, bottom) . A significant response was observed in bin 3 (intercept: F 1,11 ϭ 10.5, P ϭ 0.007), which showed significant main effect of the condition (Fig. 5B , big star, F 1,11 ϭ 5.9, P ϭ 0.03), and of the anesthesia (Fig. 5B , dagger, F 1,11 ϭ 8.9, P ϭ 0.012). Bins 4 and 5 exhibited a significant response (Fig. 5B , small star, intercept: F 1,11 Ͼ 10.7, P Ͻ 0.008), but no main effect of the condition (F 1,11 Ͻ 0.68, P Ͼ 0.2). The response in bin 5 displayed a main effect of the anesthesia (Fig. 5B, dagger, F 1,11 ϭ 7.6, P ϭ 0.018). Thus a significant impact of the anesthesia was observed for both muscles in bin 3 (90 -120 ms).
The impact of the anesthesia is illustrated in Fig. 5 , C and D for FDI, as this muscle was clearly sensitive to both motion and cutaneous feedback. The data from bin 2 shows identical and significant response independent of the anesthesia. Data from bin 3 shows a clear reduction in the response in the anesthetized condition (dagger illustrate direct comparison from paired t-test, t 11 ϭ 3.2, P ϭ 0.008). The difference between the normal and anesthetized condition for FDI is plotted in Fig. 5D (collapsed across restrained and unrestrained conditions). ROC analysis performed on this response difference suggest that the onset of tactile-motor response started at~100 ms.
Although the anesthesia produced a clear effect highlighted above, it is possible that mechanoreceptors located on the back of the hand, or receptors with large and diffuse receptive field, still responded to the perturbation. The possible contribution of such receptors cannot be completely ruled out. However, in this scenario we would expect that their response would not depend on the perturbation direction. Contrary to this idea, we found that the response in bin 2 was modulated by the perturbation direction (Fig. 5B, thin traces) : indeed, in the anesthetized condition, the difference between the responses evoked by the positive and negative perturbation loads in bin 2 was significant (paired t-test, t 11 ϭ 3.4, P Ͻ 0.01).
Finally, the effect of the anesthesia could be further characterized by an overall decrease in the response gain across epochs. This was observed by computing linear regressions between the average response following anesthesia as a function of the normal response conditions and for both muscles. All linear regressions all displayed a slope that was significantly lesser from 1 (slope range: 0.48 -0.78, all 95% confidence intervals did not include the value of 1, P Ͻ 0.05).
Experiment 3: task-related modulation of feedback responses. This experiment investigated whether and how internal changes in the control policy impacted the motor response. We instructed participants to apply a target force of 12 N following the perturbation onset in two distinct conditions of timing requirement. As we were mostly interested in the contribution of tactile afferents, this experiment was performed in the restrained condition to minimize the impact of muscle stretch. We refer to the two timing conditions as fast (200 ms) or slow (500 ms; see METHODS).
Participants' behavior is shown in Fig. 6 . The continuous traces highlight the default increase in normal force occurring before the motor response attributable to mechanical interactions, which is quantified in detail in the APPENDIX (displays are the positive perturbation loads). The subsequent increase in normal force mediated by neural feedback quickly exhibited a strong modulation associated with timing constraints. We extracted the normal force at 200 ms as well as an estimate of the force rate from linear approximations computed on 30 samples (from 171 to 200 ms) and found that these two variables significantly increased in the fast condition for both perturbation directions. The results of paired comparisons across conditions are represented in the Fig. 6B for the normal force and Fig. 6C for the force rate. Figure 7 shows the muscle responses averaged across trials and participants (Fig. 7A) , and the difference between fast and slow conditions for each muscle (Fig. 7B) . The rmANOVA reported below was performed on the difference between the activity in each epoch and the baseline activity before the perturbation, allowing us to assess the presence of a significant response (intercept), and main effects of the condition (fast vs. slow) and perturbation direction. A significant response in FDI Solid and open bars correspond to Ϫ5 and ϩ5 N perturbations, respectively. One (2) star(s) indicates a significant increase in the fast condition at the level P Ͻ 0.05 (P Ͻ 0.01). C: same as B for the force rate extracted from linear approximations of the normal force.
was observed starting in bin 2 (Fig. 7A , small star; intercept: F 1,9 ϭ 7.4, P ϭ 0.023). Responses in all subsequent bins were significant for this muscle (intercept: F 1,9 Ͼ 6, P Ͻ 0.05). In addition, a significant interaction between the condition and the perturbation direction was observed in bin 3 (F 1,9 ϭ 7.9, P ϭ 0.02). There was a significant main effect of the perturbation direction in bin 4 (Fig. 7A , large star, F 1,9 ϭ 5.18, P ϭ 0.048) and a significant interaction between the perturbation direction and the condition represented by the pair of symbols in Fig. 7A (dagger and star, F 1,9 ϭ 5.6, P ϭ 0.04). Finally, bin 5 exhibited a significant response and a main effect of the perturbation condition (Fig. 5A , dagger, F 1,9 ϭ 5.5, P ϭ 0.04). To summarize, the response started in bin 2 as in the experiments 1 and 2, indicating that the blocker reduces the gain of the stretch response by limiting the movement amplitude, but does not completely suppress the response. Later epochs are characterized by a combination of direction and condition-dependent responses and the instruction-related change start in bin 3. A pattern consistent with our observations from experiments 1 and 2 was observed in FDS. There was no significant intercept in bins 2 and 3, thus no significant response relative to the baseline activity (intercept: F 1,9 Ͻ 0.34, P Ͼ 0.05). A significant responses was observed across the remaining bins (F 1,9 Ͼ 10, P Ͻ 0.01), and these three bins also highlighted a significant main effect of the condition (Fig. 7A , dagger: F 1,10 Ͼ 5.3, P Ͻ 0.05). Finally, bin 5 displayed a significant interaction between the condition and the direction (F 1,9 ϭ 6.7, P ϭ 0.028). Thus the response in this muscle started later than in FDI, its onset was not affected by the perturbation direction, but it appeared to be directly modulated by the task instructions.
We extracted the response onset and the onset of task-related changes in the response of both muscles based on ROC analyses. Responses were averaged across directions to extract the onset of task-related modulation of the response. In agreement with the results of the ANOVAs, the onset of the modulation was found within bin 3 for both muscles. For FDI, the onset was found at~107 ms (Fig. 7B, black arrow) , and for FDS, the ROC analysis suggests that the onset of task-related response modulation occurred shortly after 90 ms (92 ms, black arrow in Fig. 7B ). Importantly, this difference across conditions.
It is important to notice that feedback responses from FDS in experiment 3 displayed higher gain than those observed in the restrained condition of experiment 1. Indeed, significant differences were clearly present in bin 3 (Fig. 7B) , whereas the same analysis performed on data from experiment 1 indicated that the evoked response did not reach significance [perturbation: ϩ6 N, one-tail paired t-test, t 11 ϭ 1.47, P ϭ 0.084). Recall that experiment 1 involved more participants and that the perturbation magnitude was greater in this condition (ϩ6 N against ϩ5 N in experiment 3). Thus the stronger response gain in experiment 2 was clearly apparent despite the fact that differences were more likely to be observed in experiment 1.
Results summary. In all, the perturbations generated a series of events that can be summarized as follows: 1) the motion of the platform was associated with a concomitant buildup of finger motion and skin deformation, during which nonlinear properties of the skin gave rise to a normal force (see APPENDIX); 2) the platform displacement generated a motor response at~60 ms in FDI (averaged across experiments 1 and 2), which did not depend on cutaneous afferent feedback as it was unaffected by the anesthesia (Fig. 5); 3) FDS displayed later response starting at~90 ms, which was independent of platform or finger motion (Fig. 4) but flexibly modulated across experiments and timing instructions (Figs. 3 and 7) ; and 4) cutaneous afferents started contributing to the motor response at~90 ms in both muscles and enhanced the overall response gain across later response epochs.
DISCUSSION
We investigated how muscle and tactile afferents contribute to feedback control by applying tangential loads to the fingertip and instructing participants to avoid that the device slipped under the finger. Statistical modeling of muscle responses highlighted that the activity of FDI was compatible with a stretch response (onset~60 ms), while FDS responded later (90 ms) and was statistically not influenced by the motion of the finger. The same experiment performed after ring-block anesthesia revealed that tactile feedback influenced the response at 90 ms, and loss of cutaneous afferents reduced the overall response gain in subsequent epochs. Both muscles exhibited flexible modulation across experiments and timing requirements starting at about the same time. Although responses at early latencies may not be sufficient to ensure behavioral success on their own, their onset times are important to identify the underlying neural circuitry as discussed below.
The importance of both tactile and muscle afferent feedback in manipulation tasks was already well accepted. In particular, previous work showed that perturbations to the digits evoke sensory responses sufficiently early to influence the grip response Johansson 1996, 2003) . However, these studies did not identify the causal role of muscle or tactile afferents in the generation of the motor response. The present paper contributes to addressing this point. By contrasting responses across perturbation directions and amplitudes in normal and anesthetized conditions, our analyses revealed the distinct response components with selective dependency on motion, and with distinct response latencies, compatible with partially distinct sensorimotor circuits.
The experimental design aimed at reproducing several key features of object manipulation tasks during which held objects are subject to external loading. First, the vertical position of the platform was fixed, which reproduces the situation encountered during manipulation of rigid objects such as a glass because there was no motion along the axis aligned with the generated force. Second, the perturbation consisted in applying a tangential load, reproducing a situation in which a sudden perturbation to the held object or the limb generates an increase in load force at the finger-object interface (Crevecoeur et al. 2016b; Johansson and Westling 1988) . Finally, the instruction in experiment 1 was to avoid slipping, as required to maintain a held object stable in one's hand. Thus we expect that the observed motor responses also characterize feedback responses to external disturbances in more realistic manipulation tasks. We also expect that our results are applicable to closed-loop control of grasp, as the neural basis of motor responses revealed by a perturbation is generally indicative of the neural mechanism supporting voluntary control (Scott 2016) .
There are differences between our paradigm and actual manipulation tasks, and it is clear that factors such as hand configuration and the perturbation direction relative to the hand or gravity impact how the nervous system responds to external disturbances . As well, the setup imposed rather smooth buildup (up to 12 N/s for the measured force), which compares to previous studies (Johansson et al. 1992 ) but may differ from rapid step-load caused by a ball falling into a cup (Johansson and Westling 1988) . It should be emphasized that the measured response onset in FDI (~60 ms) was later than previously reported stretch responses reported in hand muscles when perturbations are directly applied to the joints (~30 ms) (Manning and Bawa 2011; Rothwell et al. 1982) . Although the smooth perturbation buildup could have delayed the response (Johansson et al. 1992; Levin and Feldman 1994) , it is important to notice that EMG responses following abrupt loads also appear to start at about the same time as in the present study (Johansson and Westling 1988, from visual inspection of Fig. 9 in this reference). Investigating whether and how the task configuration and the load ramp influence responses across muscles are interesting questions for prospective studies.
A substantive amount of analyses were devoted to measuring the mechanical interactions at the finger-object interface. The first observation was the instantaneous increase in normal force associated with displacement of the platform, possibly due to the nonlinear elastic properties of the skin (Poynting effect, Fig. A1 ). This result showed that statistical modeling of the normal force would be inadequate to characterize neural control. Second, surface measurements of strains confirmed that blocking the finger generated larger amounts of strains, while reducing finger motion. Finally, we verified that there was no delay between the onset of finger and platform motion (data not shown). Hence, sensory information about the perturbation was immediately conveyed through finger motion and fingerpad deformation.
In light of these analyses, our first main observation was that the motor response in FDI was compatible with a stretch response. Indeed, the statistical model revealed an initial dependency on the baseline activity that decreased over time, while the platform displacement gradually accounted for greater amounts of variance (Fig. 4) . This pattern is compatible with a stretch response, in which the baseline activity first plays a significant role through gain-scaling properties of the stretched muscle (Pruszynski et al. 2009 ), followed by response that scales with movement amplitude. The reduced impact of the platform displacement in the restrained conditions also indicated a strong influence of finger motion on the motor response.
This result was confirmed in experiment 2, as the initial response of FDI was unaffected by the anesthesia. Later epochs displayed reduced response gain (Ͼ90 ms). Such impairment following anesthesia was documented in previous work, in which participants engaged in manipulation tasks spontaneously increased the baseline grip force to compensate for the impaired sensibility (Augurelle et al. 2003; Johansson et al. 1992 ). In our paradigm, the baseline force was imposed, thus impeding a spontaneous compensatory increase in the baseline force, and leading in turn to an overall decrease in the force response.
Interestingly, the response in FDS was qualitatively distinct. First, this muscle only exhibited marginal dependency upon the platform displacement; it had longer latency, and it displayed flexible modulation across experiments and timing requirements. These aspects were supported by the fact that the responses in this muscle were similar across restrained and unrestrained conditions of experiment 1 and that the variance accounted for by the displacement for this muscle was considered negligible according to BIC (Ͻ4% of VAF for FDS, averaged across bins and conditions). This muscle was also significantly impacted by the loss of cutaneous feedback starting in bin 3 (experiment 2). Because tendons have higher stiffness than the contractile tissue (Joyce and Rack 1969) , any change in muscle length predominantly impacts the contractile elements. Thus the lack of a stretch response in this muscle indicates that it was not stretched by the perturbation.
It is worth noting that the estimated response onset of FDS in experiment 2 occurred on average at the same time as the expression of task-related response modulation (bin 3,~90 ms). This observation suggests that the underlying neural route, unlike the stretch reflex, does not engage any automatic response. Indeed, mechanical perturbations to the limb evoke a well-known cascade of responses starting with the spinal reflex, which only responds to changes in muscle length, followed by task-specific responses starting in the long-latency epoch (~50 -60 ms for upper limb muscles) (Scott 2012) . This pattern has revealed that long-latency responses consider verbal instructions (Calancie and Bawa 1985; Crago et al. 1976 ; Lewis et al. 2006) , spatial constraints , the environmental dynamics (Cluff and Scott 2013; Shemmell et al. 2010) , limb mechanics Weiler et al. 2015) , or the timing requirements as in experiment 3 (Crevecoeur et al. 2013) . In contrast, the shortlatency response component only reflected muscle stretch. Visuomotor perturbations are also known to evoke automatic responses in the sense that they initially correct for the cursor jump irrespective of the task instructions (Franklin and Wolpert 2008) . To our surprise, the absence of such automatic mechanism in FDS indicated that the underlying neural circuitry had sufficient flexibility to generate a response immediately adjusted to task demands.
An important implication of our work is that the flexible control of grip force observed at~60 ms following a perturbation to the limb (Crevecoeur et al. 2016b) , or responses to perturbation applied to the digit occurring even before this time (Macefield and Johansson 2003) seem too quick to result from a tactile-motor circuit. These responses were likely driven by muscle afferent feedback, through heteronymous connections (Manning and Bawa 2011) , or following even very small amounts of motion that may be sufficient to evoke a stretch response (Crevecoeur et al. 2012) .
Later epochs (Ͼ90 ms) clearly displayed multisensory integration, as they depended on both motion and tactile information. One possible mechanism is that the neuromuscular system receives input from mechanoreceptors that hastens the motor command. However, tactile stimulation seems to have a limited impact on the discharge rate of muscle spindles, and at longer latency than observed here (Gandevia et al. 1994 ). Another possibility is that both cutaneous and muscle afferents contribute to limb position sense (Edin and Johansson 1995) . In any case, we show that a multisensory response is expressed at 90 ms, which leaves enough time for cortical pathways to support these responses (Scott 2016) .
Although multisensory integration occurred, it is not clear that these signals were directly combined dependent on their variance as commonly assumed (Angelaki et al. 2009 ). Indeed, the restrained and unrestrained conditions are associated with different amounts of motion or strain (see also the APPENDIX); thus it is possible in theory to derive the same estimate of the perturbation magnitude through redundancy across sensory systems. Contrasting with this prediction, we observed that the motor response in FDI predominantly scaled with the finger motion. One possible key for understanding how multisensory integration occurred is to consider that cutaneous and muscle afferents have distinct latencies (experiment 2), giving rise to complex integration dependent on both variance and delays as observed in eye-hand coordination (Crevecoeur et al. 2016a) . It is conceivable that the exquisite encoding of textures and feature orientations from mechanoreceptors (Johansson and Birznieks 2004; Pruszynski and Johansson 2014; Weber et al. 2013 ) plays a secondary role due to longer latency, while global information about finger and limb motion following mechanical perturbations is readily extracted from muscle afferent feedback.
APPENDIX
This section describes the mechanical interaction at the fingerplatform interface following the perturbation to gain insight into the nature of the peripheral stimulation. The data presented in this section includes data from experiment 1 and surface strain collected in the control experiment.
Mechanical interactions at the interface between the finger and platform. An important observation was the instantaneous increase in the normal force following the perturbation onset, in particular in the restrained condition (Fig. A1A) . Figure A1B (top) shows the change in position of the platform until 60 ms (corresponding to the latency of the stretch response as shown below) and the associated normal and tangential forces (bottom). Linear regressions of the average normal force as a function of the change in position from 0 to 60 ms for each perturbation direction and amplitude were highly significant (see Fig. A1C for two exemplar regressions, R 2 Ͼ 0.73, F Ͼ 160, P Ͻ 10 Ϫ10 ). The intercepts were close to 0 on average [range: (Ϫ0.012, 0.0006)], and the slopes were 0.18 on average [range: (0.14, 0.22)]. Thus there was a measurable increase of~0.18 N of normal force associated with displacements as small as 1 mm of the platform. This effect was markedly reduced in the unrestrained condition, which was expected because the finger was free to move upward in this condition. Such instantaneous increase in normal force was observed in previous work on object manipulation (Crevecoeur et al. 2016b ) and may reflect the hyperelasticity of the skin known as the Poynting effect (Misra et al. 2010 ). In particular, this observation highlights the importance of using muscle recordings because extracting the response onset from changes in normal force would lead to erroneous estimates of the latency of neural feedback. We then characterized the relationship between skin deformation and finger motion to relate the platform displacement used in the statistical model to the sensory modality activated in each condition. The images of the fingertip collected in the first control experiment provided a measure of surface strain in the fingertip skin in contact with the platform (Fig. A2) . Intuitively, the platform motion induced a strain wave starting at the boundary of the contact surface (Fig.  A2A ) and induced motion of the finger simultaneously. Then, in the restrained condition, the finger quickly came in contact with the blocker, giving rise to additional buildup of strain at the fingerplatform interface, and limiting the platform displacement due to friction (Fig. A2, B and C) . Thus the restrained condition was characterized by smaller amounts of platform/finger motion and larger amounts of strain, whereas the unrestrained condition was characterized by larger amounts of motion and smaller total strain. The divergence between the total strain and the platform displacement across conditions was observed at~75 ms (Fig. A2C) . Unrest. Fig. A2 . Surface strain. A: illustration of the local strains from 2 exemplar trials in the unrestrained (Unrest.; top) and restrained (Rest.; bottom) conditions at 3 time steps following a positive perturbation (data from the same participant). The color was normalized to highlight the difference across conditions, and hotter colors correspond to larger local deformations. The contact area is represented from above as if the viewer could see through the finger. The white ellipse illustrates the approximated contact area. The hot spot in the restrained condition corresponds to larger strains caused by the blocker used to restrain movement. B: total strain computed as the integral of the local strains normalized to the contact area in the 2 conditions. Shaded areas represent 1 SE across participants. C: total deformation plotted against the platform displacement. Dots correspond to the times chosen to illustrate the strains (30, 75, and 120 ms).
